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Increased prolyl 4-hydroxylase domain proteins compensate for
decreased oxygen levels. Evidence for an autoregulatory
oxygen-sensing system
Abstract
Prolyl 4-hydroxylase domain (PHD) proteins are oxygen-dependent enzymes that hydroxylate
hypoxia-inducible transcription factor (HIF) alpha-subunits, leading to their subsequent ubiquitination
and degradation. Paradoxically, the expression of two family members (PHD2 and PHD3) is induced in
hypoxic cell culture despite the reduced availability of the oxygen co-substrate, and it has been
suggested that they become functionally relevant following re-oxygenation to rapidly terminate the HIF
response. Here we show that PHDs are also induced in hypoxic mice in vivo, albeit in a tissue-specific
manner. As demonstrated under chronically hypoxic conditions in vitro, PHD2 and PHD3 show a
transient maximum but remain up-regulated over more than 10 days, suggesting a feedback
down-regulation of HIF-1alpha which then levels off at a novel set point. Indeed, hypoxic induction of
PHD2 and PHD3 is paralleled by the attenuation of endogenous HIF-1alpha. Using an engineered
oxygen-sensitive reporter gene in a cellular background lacking endogenous HIF-1alpha and hence
inducible PHD expression, we could show that increased exogenous PHD levels can compensate for a
wide range of hypoxic conditions. Similar data were obtained in a reconstituted cell-free system in vitro.
In summary, these results suggest that due to their high O2 Km values, PHDs have optimal
oxygen-sensing properties under all physiologically relevant oxygen concentrations; increased PHDs
play a functional role even under oxygen-deprived conditions, allowing the HIF system to adapt to a
novel oxygen threshold and to respond to another hypoxic insult. Furthermore, such an autoregulatory
oxygen-sensing system would explain how a single mechanism works in a wide variety of differently
oxygenated tissues.
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Prolyl 4-hydroxylase domain (PHD) proteins are oxygen-de-
pendent enzymes that hydroxylate hypoxia-inducible transcrip-
tion factor (HIF) -subunits, leading to their subsequent ubiq-
uitination anddegradation. Paradoxically, the expression of two
family members (PHD2 and PHD3) is induced in hypoxic cell
culture despite the reduced availability of the oxygen co-sub-
strate, and it has been suggested that they become functionally
relevant following re-oxygenation to rapidly terminate the HIF
response. Here we show that PHDs are also induced in
hypoxic mice in vivo, albeit in a tissue-specific manner. As
demonstrated under chronically hypoxic conditions in vitro,
PHD2 and PHD3 show a transient maximum but remain up-
regulated over more than 10 days, suggesting a feedback
down-regulation of HIF-1which then levels off at a novel set
point. Indeed, hypoxic induction of PHD2 and PHD3 is par-
alleled by the attenuation of endogenous HIF-1. Using an
engineered oxygen-sensitive reporter gene in a cellular back-
ground lacking endogenous HIF-1 and hence inducible
PHD expression, we could show that increased exogenous
PHD levels can compensate for a wide range of hypoxic con-
ditions. Similar data were obtained in a reconstituted cell-
free system in vitro. In summary, these results suggest that
due to their high O2 Km values, PHDs have optimal oxygen-
sensing properties under all physiologically relevant oxygen
concentrations; increased PHDs play a functional role even
under oxygen-deprived conditions, allowing the HIF system
to adapt to a novel oxygen threshold and to respond to
another hypoxic insult. Furthermore, such an autoregulatory
oxygen-sensing system would explain how a single mecha-
nismworks in a wide variety of differently oxygenated tissues.
Biological systems tightly monitor acute changes in environ-
mental conditions, initiate regulatory responses, and use nega-
tive feedback loops to limit the extent of these responses. To
adapt to chronic changes, many environmental sensors are
capable of adjusting their threshold values, allowing to respond
again to acute deviations of a now different set point.
Cells sense changes in environmental oxygen availability by a
group of enzymes that directly control the cellular response to
lowered oxygen by destabilizing hypoxia-inducible factor
(HIF)2  subunits, the master transcriptional regulators of the
hypoxic response. These oxygen-sensing enzymes have alter-
natively been termed prolyl 4-hydroxylase domain (PHD), HIF
prolyl hydroxylase (HPH), or egg laying defective nine homolog
(EGLN). The following three family members are known up to
date: PHD1/HPH3/EGLN2, PHD2/HPH2/EGLN1, and PHD3/
HPH1/EGLN3 (1–3). PHDs hydroxylate HIF-1 andHIF-2 at
two distinct proline residues within the HIF oxygen-depend-
ent degradation (ODD) domain. Under normoxic conditions,
prolyl 4-hydroxylation allows binding of the vonHippel-Lindau
tumor suppressor protein (pVHL), leading to polyubiquitina-
tion and proteasomal destruction (4). Under hypoxic condi-
tions, prolyl 4-hydroxylation is reduced, and HIF-1 and
HIF-2 become stabilized, heterodimerize with the constitu-
tively expressed HIF-1 subunit aryl hydrocarbon receptor
nuclear translocator (ARNT), and regulate the expression of a
large number of effector genes involved in adaptation to low
oxygen (5). In addition, factor inhibiting HIF hydroxylates a
C-terminal asparagine residue, thereby regulating the tran-
scriptional activity of HIFs (6–8).
Upon re-oxygenation, the PHD oxygen-sensing systemmust
be rapidly reversed. Interestingly, PHD2 and PHD3, but not
PHD1, have been reported to be hypoxically induced at both the
mRNA and protein levels (2). Accordingly, elevated PHD2 and
PHD3 levels have been demonstrated in a broad panel of estab-
lished cancer cell lines (9). Functional hypoxia-response ele-
ments are located in the promoter region of the human PHD2
gene as well as in the first intron of the human PHD3 gene,
suggesting that PHD2 and PHD3 are HIF target genes them-
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cally lacking under hypoxic conditions, the HIF-dependent
hypoxic increase in PHD abundance has been suggested to play
a role in accelerating the termination of the HIF response fol-
lowing re-oxygenation (2, 9, 12, 13). Indeed, biochemical
in vitro studies revealed Km values of purified PHDs for oxygen
close to the oxygen partial pressure (pO2) in air, suggesting that
the kinetics of specific HIF hydroxylation under hypoxic con-
ditions are rather slow (14).However, tissues in situhave to deal
with a great variability of generally very low pO2 values, even
when the inspiratory pO2 is considered to be “normoxic.” We
therefore raised the question whether HIF-dependent regula-
tion of PHD levelsmight lead to the adaptation of the PHD-HIF
oxygen-sensing system to a given tissue pO2, rather than simply
accelerating HIF destruction following re-oxygenation. Such
a self-regulatory loop might define a tissue-specific threshold
for HIF activation as a function of local pO2.
EXPERIMENTAL PROCEDURES
Cell Culture—All cells were maintained in Dulbecco’s
modified Eagle’s medium-high glucose, containing 4.5
mg/ml glucose (Sigma) to maintain cellular energy metabo-
lism during prolonged hypoxic culturing. Culture media
were supplemented with 10% heat-inactivated fetal calf
serum, 50 IU/ml penicillin, and 50 g/ml streptomycin
(Invitrogen). Mouse embryonic fibroblast (MEF)-Hif1a/
and MEF-Hif1a/ and mouse hepatoma Hepa1 and
Hepa1c4 were cultured as described before (15, 16). For long
term hypoxia, MEFs were grown under 2% O2 for up to 256 h
in a gas-controlled glove box to allow for handling of the cells
under constant pO2 (InvivO2 400, Ruskinn Technologies,
Leeds, UK). Cells were grown on 145-mm culture dishes and
split every 48 h. Reagents used for splitting and permanent
culturing were pre-equilibrated to the pO2 in the glove box
before use. For oxygen titration, a single batch of transfected
MEF-Hif1a/ cells was distributed into different hypoxic
incubators (Binder, Tuttlingen, Germany) and simulta-
neously cultured for the indicated time periods.
Protein Extractions and Immunoblot Analyses—Cells were
washed twice and scraped into ice-cold phosphate-buffered
saline. Soluble cellular protein was extracted with a high salt
extraction buffer containing 0.1% Nonidet P-40 essentially as
described before (17). Protein concentrations were deter-
mined by the Bradford method, and 50–80 g of protein
were subjected to immunoblot analysis. Antibodies were
obtained from the following sources: anti-human HIF-1
mouse monoclonal antibody (mAb), BD Transduction Lab-
oratories; anti-human PHDs rabbit polyclonal antibodies,
Novus Biologicals (Littleton, CO); anti-V5 tag mAb, Invitro-
gen; anti--actin mAb, Sigma; horseradish peroxidase-cou-
pled secondary antibodies, Pierce. Anti-human PHD3 mAb
was kindly provided by P. J. Ratcliffe (Oxford, UK). Bound
antibodies were detected with ECL substrate (Pierce), and
chemiluminescence was quantified with a CCD camera-
based light imaging system (FluorChem8900, AlphaInno-
tech, Witec, Littau, Switzerland) using QuantityOne soft-
ware (Bio-Rad).
mRNA Quantification—Exposure of mice to inspiratory
0.1% carbon monoxide or 7.5% oxygen and serum erythro-
poietin quantifications by radioimmunoassay have been
published previously (18–20). Total RNA from tissue and
cells was purified as described before (17). RNA concentra-
tions were determined spectrophotometrically, and RNA
integrity was monitored by denaturing formaldehyde/agar-
ose gel electrophoresis. Total RNA (5 g) was reverse-tran-
scribed using oligo(dT) and Stratascript reverse tran-
scriptase (Stratagene, La Jolla, CA). mRNA levels for mouse
carbonic anhydrase (CA) IX, glucose transporter (GLUT) 1,
erythropoietin, and PHD1, PHD2, and PHD3 were quanti-
fied with 2l of diluted cDNA reaction (corresponding to 1%
of cDNA reaction) by real time RT-PCR. A SybrGreen qPCR
reagent kit (Sigma) was used in combination with an
MX3000P light cycler (Stratagene). Initial template concen-
trations of each sample were calculated by comparison with
serial dilutions of a calibrated standard. To control for equal
input levels, ribosomal protein S12 mRNA was determined,
and data were expressed as ratios relative to S12 levels. Melt-
ing point analyses of amplified PCR products were per-
formed after each run to verify specific amplification. For
primer sequences see Supplemental Material.
Plasmid Constructions—Plasmids encoding full-length
mouse HIF-1, both wild-type and P402A and/or P563A
mutants (note that all amino acid numbering corresponds to
mouse HIF-1 sequences), were a kind gift of L. Poellinger
(Stockholm, Sweden). A PCR product spanning the HIF-1
ODD region (amino acids 359–685) was cloned into the EcoRI
site of pM3-VP16 (Clontech) to obtain one-hybrid constructs
harboring an N-terminal GAL4 DNA-binding domain and a
C-terminal VP16 transactivation domain. Resulting plasmids
were termed G4.mHIF(359–685).VP16_wt, G4.mHIF(359–
685).VP16_P402A, G4.mHIF(359–685).VP16_P563A, and
G4.mHIF(359–685).VP16_PP/AA. For overexpression in
mammalian cells, full-length human PHD2 and PHD3 (kindly
provided by W. Kaelin, Jr., Boston, and I. Flamme, Wuppertal,
Germany, respectively) were subcloned into pENTR4 and
recombined into pcDNA3.1/nV5-DEST using Gateway tech-
nology (Invitrogen). Similarly, vectors for expression of GST-
tagged PHD isoforms in Sf9 insect cells were constructed by
recombining coding sequences for PHD2 and PHD3 into
pDEST20 (Invitrogen). All primary cDNA inserts were
sequenced (Microsynth, Balgach, Switzerland).
Transient Transfections—Cells were co-transfected with the
indicated amounts of DNA using polyethyleneimine (Poly-
sciences, Warrington, PA). Therefore, cells were grown on
100-mm dishes to subconfluency, and 200 l of 150 mM NaCl
containing a DNA/polyethyleneimine mixture (1:5, w/w) was
added. For co-transfections, total DNA was kept constant by
adding empty vector. Following overnight incubation, the cells
were trypsinized and divided onto 12-well plates for luciferase
assays and 100-mm dishes for immunoblotting.
Luciferase Assays—MEF-Hif1a/ cells were transiently co-
transfected with 2 g of the indicated G4.mHIF(359–
685).VP16 fusion constructs and up to 8 g of the respective
V5.PHD isoform, along with 1 g of the GAL4-responsive
reporter plasmid pGRE5xE1b, containing the firefly lucifer-
ase gene under control of E1b promoter and five GAL4
response elements (kind gift of D. Peet, Adelaide, Australia).
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Identical amounts of total DNAwere transfected in each exper-
imental setting. Following transfection, cultureswere grown for
an additional 24 h at the indicated oxygen concentration and
lysed in 100 l of passive lysis buffer (Promega, Madison, WI).
Luciferase reporter gene activity was determined in a micro-
plate luminometer (Berthold, Regensdorf, Switzerland) using
luciferase firefly substrate (Promega). Protein concentration in
the lysates was determined by a Bradford assay, and relative
luciferase activity was calculated from the ratio between rela-
tive light units and micrograms of protein.
RNA Interference—HeLa cells were plated at a density of 2
105 cells per single well of a 6-well plate. The day after, cells
were transfected in fresh media with 80 nM siRNA duplexes
targeting either human PHD2 (5-ggacgaaagccaugguugcu-
uguua-3, sense strand) or PHD3 (5-gcuauccgggaaauggaacag-
guua-3, sense strand) using Lipofectamine 2000 according to
the manufacturer’s protocol (Invitrogen). After 4 h of culturing
at 20% oxygen, cells were subjected to the indicated oxygen
concentrations and grown for an additional period of 24 h prior
to lysis.
Expression and Purification of PHDs—GSTPHD2 and
GSTPHD3 were expressed in baculovirus-infected Sf9 insect
cells according to the manufacturer’s instructions (Invitrogen).
After 80 h of infection, Sf9 cells were lysed in ice-cold 0.1%
Nonidet P-40, 10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 100 mM
glycine, and 10 M dithiothreitol. Crude lysate was cleared by
centrifugation at 20,000 g for 20 min, and supernatants were
incubated with equilibrated glutathione-Sepharose beads
(Amersham Biosciences) for 2 h at 4 °C with gentle agitation.
Beadswerewashed three timeswith phosphate-buffered saline,
and bound protein was eluted with 15mM reduced glutathione,
50mMTris-HCl, pH 8.0, 5% glycerol, and 2M FeSO4. Purity of
recombinant proteins was estimated by SDS-PAGE and Coo-
massie Blue staining.
In Vitro Prolyl 4-Hydroxylation Assays—Enzymatic activ-
ity of recombinant PHD2 and PHD3 was determined by an
in vitro hydroxylation assay performed essentially as
described before (17, 21). Briefly, biotinylated mouse HIF-
1-derived peptides (amino acids 555–573, either wild-type
or P563A mutant) were bound to NeutrAvidin-coated
96-well plates (Pierce). Hydroxylase reactions using purified
recombinant GSTPHD2 or GSTPHD3 enzyme were carried
out for 1 h at room temperature. A polycistronic expression
vector for His6- and thioredoxin-tagged pVHL/elongin
B/elongin C (VBC) complex was kindly provided by S. Tan
(Pennsylvania State University, University Park, PA). VBC
was expressed in bacteria, purified by nickel affinity chroma-
tography followed by ion exchange chromatography (Amer-
sham Biosciences), and allowed to bind to the hydroxylated
peptides. Bound VBC complex was detected by rabbit anti-
thioredoxin antibodies and secondary horseradish peroxi-
dase-coupled anti-rabbit antibodies (Sigma) using the
3,3,5,5-tetramethylbenzidine substrate kit (Pierce). The
peroxidase reaction was stopped by adding H2SO4, and
absorbance was determined at 450 nm in a microplate
reader. For oxygen titration experiments, the assay was per-
formed in the hypoxic glove box. All reagents and solutions
were allowed to equilibrate to the indicated oxygen concen-
tration. Inter-assay comparability was guaranteed by cali-
bration of each experiment to an internal standard curve
using hydroxyproline-containing peptides.
RESULTS
mRNA Levels of Inducible PHD Isoforms Show a Transient
Maximum and Remain Up-regulated during Prolonged
Hypoxia in Cell Culture—To study the kinetics of PHD expres-
sion during prolonged hypoxia (2% O2 for up to 256 h), mRNA
levels of all three PHDswere determined inMEF-Hif1a/ and
MEF-Hif1a/ cells. PHD2 and PHD3 but not PHD1 mRNA
levels were efficiently up-regulated under hypoxic conditions,
peaked after 64–112 h, and remained elevated over the entire
time course (Fig. 1A). As positive controls, mRNA levels of
GLUT1 and CAIX, two well established HIF-1 target genes,
were measured in the same time course. Interestingly, hypoxic
GLUT1 up-regulation followed a similar kinetics as PHD2
mRNA expression, whereas CAIX levels were maximally
induced 48 h later, as observed for PHD3 (Fig. 1A). Because
both PHDs were readily induced after 4 h, we investigated the
early onset of induction in a shorter time course. Induction of
PHD2 and PHD3mRNAwas detectable as early as 60–120min
after hypoxic stimulation (Fig. 1B). None of the PHD isoforms
was induced in hypoxic MEF-Hif1a/ cells, suggesting a non-
redundant role of HIF-1 for hypoxic up-regulation of PHD
mRNA in these cell lines. In addition, a lack of PHD2 and PHD3
mRNA induction was also observed in functionally HIF-1/
ARNT-deficientmouseHepa1c4 but not wild-typeHepa1 hep-
atoma cells after 38 h of hypoxic stimulation (Fig. 1C). Thus,
these genetically altered cellular models confirm HIF-1-
dependent PHD2 and PHD3 gene expression in both acute and
chronic hypoxia, which has been demonstrated previously
mainly in siRNA experiments (12, 13, 22).
Tissue-dependent Hypoxic Induction of PHD2 and PHD3
mRNA in Mice—To date, no systematic investigation on
hypoxic PHD mRNA induction in vivo was available. Thus, we
assessed the grade of hypoxic PHD2 and PHD3 mRNA induc-
tion in acutely and chronically hypoxic mice.
To examine the effects of acute hypoxia, mice were treated
for 4 h with an inspiratory gas mixture containing 0.1% carbon
monoxide (CO), which induced a rapid onset of severe hypoxia
by blocking 50% of the oxygen-binding sites in hemoglobin
(data not shown). Strong hypoxic induction of erythropoietin
mRNA content in kidney as well as erythropoietin and GLUT1
mRNA in liver and brain confirmed the activation of the HIF
system in thesemice (Fig. 2). The various PHDmRNA isoforms
showed a broad disparity of hypoxic activation; PHD1 was not
markedly regulated by hypoxia in most tissues; PHD2 was
widely induced by hypoxia, albeit at rather low levels; and
PHD3 was strongly induced already following 4 h of tissue
hypoxia in the lung (15.6-fold), liver (5.2-fold), and kidney (3.8-
fold), but only moderate induction factors similar to PHD2
were observed in other organs. Of note, striated muscle tissue
(heart and to some extent tongue) showed the highest nor-
moxic expression values for the inducible PHD2 and PHD3
isoforms.
To investigate the kinetics of PHDmRNA induction under
chronically hypoxic conditions, mice were exposed to
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inspiratory hypoxia (7.5% O2) from 24 to 72 h, and mRNA
levels were determined in liver, kidney, and brain. Although
erythropoietin mRNA expression was induced to a similar
extent in kidney and brain already after 24 h of hypoxia,
erythropoietin mRNA in liver did not increase until 72 h of
hypoxic exposure (Fig. 3A). Consistent with previous find-
ings, serum levels of erythropoietin protein in these animals
highly correlated with mRNA levels in kidney (Fig. 3B).
Unexpectedly, the hypoxic inducibility of the known HIF
target genes GLUT1 and CAIX was rather small. Although
strong hypoxic induction of both proteins in tumors and
tumor-derived cell lines is well established, they were not
induced in liver; only one of them (CAIX) was induced after
prolonged hypoxia in kidney, and both of them showed a
transient induction in brain (Fig. 3C). Nevertheless, these
results confirmed the hypoxic status of the animals. Compa-
rable results were obtained with the inducible PHD2 and
PHD3 isoforms; only PHD2 showed a small, transient
increase in the liver; only PHD3 was induced after prolonged
hypoxia in the kidney; and both of them were transiently
induced in the brain. Thus, under physiological inspiratory
hypoxia, regulation of these genes appears to be more subtle
than under in vitro conditions, in tumor hypoxia, or follow-
ing severe tissue hypoxia in CO-treated mice.
Hypoxic Induction of PHD2 and PHD3 Proteins Is Accompa-
nied by Decreased HIF-1 Protein Levels—Hypoxic up-regula-
tion of PHD2 and PHD3 has the potential to affect protein
abundance of HIF-1 during prolonged hypoxia. To further
elaborate this hypothesis, we quantified protein levels of
HIF-1 as well as PHD2 and PHD3 in different cell lines. As
exemplarily shown for HEK293 cells, endogenous HIF-1 pro-
tein levels decreased concomitantly with the hypoxic increase
of endogenous PHD2 andPHD3 levelswhen cellswere cultured
for up to 72 h at 1% O2 (Fig. 4A). Similar results were obtained
from lysates that were prepared under strictly hypoxic condi-
tions, ruling out the possibility that increased levels of induced
PHD enzymes might have influenced the protein levels of
HIF-1 during lysis. HIF-1mRNA levels in HEK293 were not
significantly altered under the same hypoxic conditions,
whereas PHD2 and PHD3 mRNAs were readily induced after
FIGURE 1. HIF-1 target genes remain elevated during prolonged hypoxia.MEF-Hif1a/ and MEF-Hif1a/ were cultured either at 20 or 2% oxygen for
4–256 h (A) or 15–240min (B). mRNA levels for PHD1, PHD2, PHD3, GLUT1, and CAIXwere quantified by real time RT-PCR and normalized to ribosomal protein
S12 mRNA content. C, PHD1, PHD2, and PHD3mRNA levels in Hepa1 Arntwild-type (wt) and Hepa1c4 Arntmutant (mt) cells cultured at 20, 2, or 0.2% oxygen
for 38 h. Data are given as mean S.E. of n 3 independent experiments.
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4 h of hypoxia (Fig. 4B). Interestingly, hypoxic PHD3 mRNA
induction was steadily induced during the entire hypoxic incu-
bation, whereas PHD2 mRNA levels reached maximal induc-
tion already before 4 h of hypoxia and remained constant for up
to 72 h of hypoxia.
A similar pattern of HIF-1 and PHD protein levels was
observed in HeLa and Hep3B cells at oxygen concentrations as
low as 0.2%, supporting the idea of a widespread regulative
mechanism (see supplemental Fig. 1). These observations sug-
gest that even under very limited oxygen supply, HIF-1
hydroxylation by PHDs functionally persists, implicating that
HIF-1 turnovermight be controlled by the PHDsensor system
not only under normoxic conditions but also under severely
hypoxic conditions.
A Second Hypoxic Insult Activates Another HIF-1 Response
in Cells Adapted to Chronic Hypoxia—If the novel HIF-1 pro-
tein base line following adaptation to chronic hypoxia indeed
resulted from an altered steady state of the HIF-PHD oxygen-
sensing circuit, the adapted cells should react to a second,more
severe hypoxic insult by acutely inducing HIF-1 to a similar
extent as at the first hypoxic insult. To test this hypothesis,
HEK293 cells were allowed to adapt to 1% oxygen for 72 h
before theywere exposed to 0.2%oxygen for up to 4 h.Although
HIF-1 levels markedly decreased during chronic hypoxia, a
rapid re-accumulation of HIF-1 protein was already
observed 1 h after exposing the cells to 0.2% oxygen (Fig. 4C).
A similar result was obtained when cells adapted to chronic
hypoxia were treated with the PHD inhibitor dimeth-
yloxalylglycine (DMOG), suggesting that PHDs are respon-
sible for HIF-1 regulation even in hypoxically adapted cells
(Fig. 4D).
PHD2 and PHD3 Silencing Increases Hypoxic HIF-1
Accumulation—As inHEK293 cells, simultaneous treatment of
HeLa cells with hypoxia together with the PHD inhibitor
DMOG led to additional accumulation of HIF-1 at oxygen
concentrations as low as 0.2% (Fig. 5A). To provide further evi-
dence that endogenous PHDs control HIF-1 protein levels
even under hypoxic conditions, we applied siRNA to knock
down PHD2 and PHD3 in HeLa cells. Interestingly, silencing of
either PHD2 or PHD3 equally increased HIF-1 levels, irre-
spective of whether the cells were cultured at 20 or 1% oxygen
(Fig. 5B). Although apparently both isoforms are involved in
regulatingHIF- stability over a broad range of oxygen concen-
trations, combined silencing of PHD2 together with PHD3
most efficiently up-regulated HIF-1 at 20% as well as 1% O2
(Fig. 5B).
PHDs Retain Functional HIF-1 Degradation Activity Even
under Severely Hypoxic Conditions in Cell Culture—Current
knowledge about oxygen substrate requirements of the PHD-
dependent hydroxylation reaction is exclusively based on
data derived from biochemical in vitro studies using purified
enzymes and short peptides containing one single HIF-1
hydroxylation site as substrates. To further examine the
activity of PHD enzymes under lowered oxygen availability
in a cellular context, a luciferase-based mammalian one-hy-
brid approach to quantify HIF-1 stability in a feedback-
uncoupled cellular system was established. A series of mam-
malian expression vectors coding for the mouse HIF-1
ODD domain, including mutant forms of the hydroxylation
sites (P402A and/or P563A), were N-terminally fused to the
yeast GAL4 DNA-binding domain and C-terminally fused to
the herpes simplex virus VP16 transactivation domain (Fig.
6A). The expressed fusion proteins cannot transactivate
endogenous HIF target genes, including PHD2 and PHD3,
but activate a co-transfected GAL4-responsive reporter
gene. The use of HIF-1-deficient MEF-Hif1a/ cells
ensures very low basal levels of endogenous PHDs (Fig. 1A)
and avoids confusion with hypoxic up-regulation of endog-
enous PHD2 and PHD3 by endogenous HIF-1, allowing us to
experimentally define the PHD levels by transfection of
FIGURE 2. Effects of tissue hypoxia on the inducibility of PHD isoforms
in vivo. Tissues were derived from mice kept either under normal air (FiCO
0%) or in a gas mixture containing 0.1% CO (FiCO 0.1%) for 4 h. PHD1, PHD2,
PHD3, erythropoietin, and GLUT1mRNA levels were determined by real time
RT-PCR and normalized to S12 mRNA. Organ-specific hypoxic induction fac-
tors are indicated below the bars. Note the different scales (n.d., not
detectable).
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expression vectors. Because the
HIF-1-ODD confers oxygen-de-
pendent instability to the fusion
protein, luciferase reporter gene
activity directly reflects protein
stability.
First, we tested the relative
importance of the two PHD target
proline residues within the mouse
HIF-1-ODD residues 359–685.
Although reporter gene activation
of the wild-type and single proline
mutant fusion proteins was simi-
larly reduced by PHD2 overexpres-
sion, mutation of both prolines was
necessary to render the HIF-1-
ODD insensitive to PHD2 overex-
pression (Fig. 6B). Although similar
effects of PHD overexpression on
ODD stability have been reported
previously only for normoxic condi-
tions (23), our data show functional
relevance of both hydroxylation sites
also for hypoxic (2%O2) regulation of
HIF-1 protein levels (Fig. 6B).
In the next step, both oxygen con-
centration and PHD protein abun-
dance were titered simultaneously
in co-transfection experiments.
Interestingly, co-expression of low
amounts of PHD2, which were not
yet detectable by immunoblotting,
already reduced HIF-1-ODD sta-
bility to a minimum, which was not
further lowered by increased
amounts of PHD2 (Fig. 6C). Reduc-
ing the oxygen concentration to 4%
or below revealed a successive
decrease of hydroxylase activity at a
given amount of PHD2 enzyme.
However, increasing the abundance
of PHD2 by stepwise duplication of
the amount of transfected PHD2
expression vector again demon-
strated that induced PHD levels can
compensate for reducedoxygenavail-
ability. Indeed, increased PHD2 com-
pensated for oxygen concentrations
as low as 0.2% (Fig. 6C).
Similar results were obtained by
PHD3 overexpression, which also
resulted in decreased HIF-1-ODD
stability under normoxic and mod-
erately hypoxic conditions (Fig. 6D).
However, forced expression of
PHD3 failed to further decrease
HIF-1-ODD stability at 0.2% oxy-
gen, suggesting a principal differ-
FIGURE 3. Effects of inspiratory hypoxia onHIF target gene expression in vivo.Micewere kept at an FiO2 of
20% O2 (0 h of hypoxia) or 7.5% O2 for up to 72 h. Erythropoietin mRNA levels in liver, brain, and kidney were
quantified by real time RT-PCR (A), and corresponding serum levels of erythropoietin weremeasured by radio-
immunoassay (B). C, GLUT1, CAIX, PHD2, and PHD3 mRNA levels were measured in all three tissues. All mRNA
data were normalized to S12 mRNA levels and are expressed as hypoxic induction factors. Bars represent the
mean S.E. of n 3 mice per group.
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ence in oxygen-dependent hydroxylase activities between
PHD2 and PHD3 under various degrees of hypoxia in vivo
(Fig. 6D).
Purified PHDs Retain Functional
Hydroxylation Activity Even under
Severe Hypoxic Conditions in a Cell-
free System in Vitro—The differ-
ences in hydroxylase activity of
PHD2 and PHD3 under severe
hypoxia described above prompted
us to investigate the activity of
PHDs using a cell-free in vitro
approach. Therefore, GST-tagged
PHD2 andPHD3were purified from
baculovirus-infected Sf9 insect cells
(Fig. 7A). These enzymes were used
to hydroxylate a mouse HIF-1-
ODD-derived peptide coupled to
96-well plates, and binding of a puri-
fied VBC complex to the hydroxy-
lated peptide was measured by
enzyme-linked immunosorbent
assay. Each PHD preparation was
diluted to obtain equal VBC binding
after 1 h of hydroxylation (arbi-
trarily defined as “1-fold input”).
These enzyme concentrations were
subsequently increased to mimic
the hypoxic induction of PHDs
in vivo. Under normoxic conditions,
both PHDs showed a similar
increase in activity with increasing
protein amounts (Fig. 7A). Peptide
hydroxylation was within the linear
range of the assay over the time
frame of experiments, even at high-
est enzyme concentrations (data not
shown).
When the assay was performed at
an oxygen concentration of 2%,
PHD2 hydroxylation activity was
only about half of the normoxic
activity after 1 h of reaction
(hydroxyproline contents of 10.1 
0.2% at 20%O2 and 5.7 0.5% at 2%
O2; n  3, mean  S.D.; 8-fold
enzyme input). However, HIF-1-
ODD peptide hydroxylation by
PHD3 was only slightly decreased
under these conditions (10.3 0.2%
at 20% O2 and 8.2  1.1% at 2%
O2; n  3, mean  S.D.; 8-fold
enzyme input). Further reduction
in oxygen availability decreased
proline hydroxylation, but signifi-
cant hydroxylation could still be
observed at oxygen concentrations
as low as 0.2%. Indeed, an 8-fold
protein input of PHD2 or PHD3 resulted in similar peptide
hydroxylation at 0.2%O2 as a 4-fold input at 0.5%O2 or a 2-fold
input at 1% O2, suggesting that increased PHDs can compen-
FIGURE 4.DecreasedHIF-1protein levels parallel increasedPHD2andPHD3under chronically hypoxic
conditions. A,HEK293 cells were cultured at 20 or 1% oxygen for up to 72 h. HIF-1, PHD2, PHD3, and -actin
(loading control) protein levelswere estimatedby immunoblottingof total cell lysates. A representative exper-
iment is shown alongwith densitometric quantification of bands for n 3 (PHDs) or n 4 (HIF-1) independ-
ent experiments. For inter-assay normalization, time points expressing highest protein levels were arbi-
trarily defined as 1 (filled circles; mean S.E.). B,HIF-1, PHD2, and PHD3mRNA levels in HEK293 cells were
quantified by real time RT-PCR and normalized to ribosomal protein L28 mRNA. Bars represent mean 
S.E. of triplicate experiments. C, HEK293 cells were exposed to 1% oxygen for 72 h and subjected to 0.2%
oxygen for additional 1–4 h without reoxygenation. Lowering the oxygen concentration from 1 to 0.2%
took30min. Immunoblottingwas performed as in A.D,HEK293 cells were grown as in C and treatedwith
a PHD inhibitor (“”, 1 mM DMOG) or solvent alone (“”, 0.1%Me2SO) for 1–4 h at 1%O2. Immunoblotting
was performed as described in A.
FIGURE5.EndogenousPHD2andPHD3enzymes controlHIF-1accumulationundernormoxic aswell as
under hypoxic conditions. A, HeLa cultures were subjected to 20, 1, or 0.2% oxygen for 4 h and simulta-
neously treated with a PHD inhibitor (, 1 mM DMOG). PHD2, PHD3, HIF-1, and -actin protein levels were
determined by immunoblotting of total cell lysates. B, HeLa cells were transiently transfected with siRNAs
directed against either PHD2, PHD3, or a combination of both and were cultured at the indicated oxygen
concentrations for 24 h. Transfection of cells with a similarly constructed but unspecific siRNA oligonucleotide
served as negative control (“C”). Immunoblotting was performed as described above.
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sate for decreased oxygen also in vitro (Fig. 7A).Moreover, both
enzymes showed a strikingly linear increase of activity for the
range of 0.2 to 2% oxygen, thus fulfilling one of themost impor-
tant criterions for a cellular oxygen sensor at physiologically
relevant tissue O2 concentrations (Fig. 7B).
DISCUSSION
The existence of a functional feedback loop limiting the
hypoxic response has been suspected already when HIF was
cloned, because nuclear HIF-1 declined despite ongoing
hypoxia (24). Similar observationswere then reported by amul-
titude of other groups. However, the underlying mechanism
remained unknown. We previously reported that forced
expression of HIF-1 followed a similar feedback kinetics, but
in this case under normally oxygenated conditions (25). This
observation suggested that HIF itself, rather than the hypoxic
stimulus, is required for the feedback regulation. One such
mechanism might be HIF-dependent induction of pVHL by
“late hypoxia” (26). However, other studies could not find any
FIGURE 6. PHD2 and PHD3 retain hydroxylase activity at low oxygen
concentrations. A, oxygen-sensitive one-hybrid fusion constructs. Muta-
tions of Pro-402 and Pro-563 are underlined. B, MEF-Hif1a/ cells were
co-transfected with 2 g of one-hybrid construct, 1 g of a GAL4-respon-
sive reporter gene, and 1 g of V5.PHD2 or empty expression vector.
Luciferase activity wasmeasured 24 h after incubation at 20 or 2% oxygen,
and relative light counts were normalized to total protein content in the
lysates. Likewise, the indicated amounts of V5.PHD2 (C) and V5.PHD3 (D)
were co-transfected with 2 g of the wild-type (wt) one-hybrid construct
and 1 g of the reporter gene. Aliquots of transfected cells were then
cultured simultaneously at various oxygen concentrations, and luciferase
activities were determined after 24 h as described above. In addition,
lysates were immunoblotted to verify expression of exogenous V5.PHD
isoforms (bottom panels). Representative experiments performed in trip-
licate experiments are shown as means  S.E.
FIGURE 7. Recombinant GSTPHD2 and GSTPHD3 proteins are active
underhypoxic conditions invitro.A,GST.PHD2andGST.PHD3werepurified
from baculovirus-infected Sf9 insect cells, and their purity was checked by
SDS-PAGEandCoomassie Blue staining (CBS) or by immunoblotting (IB) using
polyclonal anti-PHD2 or anti-PHD3 antibodies. In vitro hydroxylation reac-
tions were performed at various oxygen concentrations with increasing
amounts of PHD2 and PHD3 enzymes, and hydroxyproline content was esti-
mated from a calibration curve. B, oxygen dependence of hydroxylation is
shown for 8-fold enzyme input. Enzyme activity is given as percentage of
hydroxyproline after 1 h of reaction. All values are in the linear range of the
assay and are shown as mean values S.E. of triplicate experiments.
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induction of pVHL under hypoxic conditions (27, 28), and we
did not observe any oxygen- orHIF-1-dependent difference in
pVHL mRNA levels during the 256-h time course described in
this study (data not shown).
The identification of the PHD oxygen sensors shed new light
on the process of HIF feedback control, as it became clear that
PHD2 and PHD3 are hypoxia-inducible HIF target genes (2,
9–13, 29). It has been postulated that this PHD up-regulation
confers accelerated degradation of HIF upon re-oxygenation
(9, 12, 22). Indeed, re-oxygenation from 1 to 20.9% (air) oxygen
after 18 h decreased the half-life of HIF-1 when compared
with similarly treated cells that were exposed to hypoxia for
only 1 h (12).
However, physiological tissue pO2 corresponds to 2–5%
oxygen concentrations in air rather than the widely used 20.9%
normoxic oxygen concentration. Even though the pericellular
pO2 is lower at the bottom of unstirred tissue culture dishes
(30), standard cell culture conditions are to be considered
“hyperoxic,” which reflects an unphysiological condition to
which PHDs are not normally exposed. Rather, PHDs in vivo
are constantly functioning under pO2 levels far below their
in vitro Km values (14). These considerations suggested a PHD-
HIF feedback loop that might be active even under chronically
low tissue oxygenation.
In line with this hypothesis, we observed undulatingHIF-1-
dependentmRNA levels of CAIX,GLUT1, PHD2, and PHD3 in
MEF cells, and we detected tissue-specific variations in hypoxi-
cally induced PHD2 and PHD3mRNA levels inmice in vivo. So
far, PHD expression levels were only known from established
tumor cell lines or normoxic tissues (9, 10, 22, 31–33). We
found an impressive up-regulation of PHD3 mRNA levels in
hypoxic lung tissue, confirming previous reports for lung can-
cer-derivedA549 cells (9, 28). Similarly, the observed induction
factors in liver were roughly the same as determined in Hepa1
hepatoma cells used in this study.
We then concentrated on threemajor organ systems that are
particularly sensitive to hypoxia and hence involved in the
pathophysiology of shock. Interestingly, although the examined
HIF target genes were all induced in the brain, different kinetics
for GLUT1, CAIX, PHD2, and PHD3 were observed in kidney
and liver. Expression levels of CAIX were highly increased in
the kidney after 72 h of hypoxia, whereas a reverse effect was
observed in liver. Because the kidney, besides the lung, is the
major organ involved in systemic pH regulation, these results
suggest a physiological role for CAIX in pH maintenance dur-
ing hypoxia, as has been proposed for solid tumors (34).
Regarding PHDmRNA induction, temporal up-regulation of at
least one isoform was observed in each of the three tissues in
hypoxic animals, confirming that PHD up-regulation indeed
occurs in a hypoxic organism, although the extent of induction
is tissue-specific. Not surprisingly, decreasing the oxygen trans-
port capacity in mice by 0.1% CO inspiration was much more
efficient in up-regulation of HIF target genes than inspiratory
hypoxia itself, suggesting that adaptational mechanisms, such
as increased heart rate, depth of breath, and reduced oxygen
consumption compensated for decreased inspiratory O2 con-
centration when oxygen transport is intact. We have shown
previously that temporal and spatial accumulation of HIF-1
in vivo greatly differs, even in neighboring cells, suggesting that
factors other than oxygen availability affect the PHD-HIF sys-
tem (35). In fact, we recently found that the FK506-binding
protein FKBP38 regulates specifically the abundance of PHD2.3
Whatever regulates cellular PHD levels, functional PHD
induction requires that these enzymes must be active under a
broad range of physiologically relevant conditions. In order to
experimentally support this hypothesis, we used a HIF-1-
ODD reporter construct in aHIF-1negative cell line to breach
the suggested gene activation-protein degradation loop. The
HIF-1-ODD confers normoxic degradation to the resulting
hybrid fusion protein (36), and similar constructs have been
used lately as bioluminescent reporter systems monitoring the
state of tissue oxygenation in vivo (37). Our experiments
revealed that PHD-dependent fusion-protein destabilization
was effective at oxygen concentrations as low as 0.2% O2 and
that increasing the amount of enzyme partially compensated
for reduced oxygen availability. These data are consistentwith a
recent work (38) employing hydroxylation-specific antibodies
that showed persistent HIF-1 hydroxylation at equally low
oxygen concentrations.
Although we observed a comparable oxygen dependence
between PHD2 and PHD3 purified from Sf9 insect cells in vitro,
the ability of PHD3 to compensate for low oxygen concentra-
tions in the cellular model was consistently lower than that of
PHD2 (compare Fig. 6, C andD). In line with the former obser-
vation, in vitro transcribed and translated PHD2 and PHD3
enzymes have been shown to be equally active in another study
(39). Thus, isoform-specific regulation of distinct PHDs in vivo
is likely to depend on critical co-factors that might be depleted
in purified enzyme preparations or become limitedwhen PHDs
are overexpressed. Supporting this notion, PHD3 has recently
been described to serve as a substrate of the eukaryotic chap-
eronin complex TRiC that might be required for appropriate
folding and full enzymatic activity (40).
Another recent work demonstrated increased binding of
PHD3 to HIF-1 in the presence of OS-9 (41). As suggested by
these authors, PHDs form functional multiprotein complexes
that could affect binding affinity and target sequence selectivity
in a cellular context. However, binding of OS-9 to human
HIF-1 necessarily requires amino acids 692–785 that were
neither present in the peptide used for the hydroxylation assays
nor in the one-hybrid construct. Thus, PHD3 activity rather
than binding might be attenuated in our cellular model system.
Of note, protein degradation of PHD3 (and PHD1) has been
shown to be enhancedunder hypoxia by amechanism involving
the ubiquitin ligase Siah2, adding yet another layer of regulation
on the HIF-PHD system (42).
Also, binding of PHD2 to HIF-1 has been suggested to
repress the N-transactivation domain activity (43). Interest-
ingly, we observed residual binding of recombinant PHD2 to
immobilized HIF-1 ODD peptides in vitro, suggesting a
repressive function of PHD2 particularly on truncated HIF-1
(data not shown). Although these effects were rather small
compared with the HIF-1-destabilizing function of enzymatic
3 S. Barth, R. Wirthner, R. H. Wenger, and G. Camenisch, manuscript in
preparation.
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PHD activity, they still could have partially influenced the tran-
scriptional activity of the fusion constructs used in our study.
In conclusion, the present work demonstrates that an essen-
tial pre-requirement for a PHD abundance-dependent modu-
lation of the oxygen-sensing system is fulfilled; PHDs are oper-
ative under a wide variety of even severely hypoxic oxygen
concentrations. These findings led to the intriguing suggestion
of a flexible oxygen threshold of the PHD-HIF system that
steadily adapts to altered tissue oxygenation.
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